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Fluorotelorrer substancES (FTS5) are marvels of modern 
society. Imparting anti\Netting and antistaining propertiES to 
consurrer products including clothing, upholstery, carpeting, 
painted surfro:s, food containers, cookvvare, and more, FTS5 
invisibly shield the surfro:s of our daily liVES, vcstly a:sing the 
burden of countlESS clooning and maintenance tasks. But this 
convenience comes at a cost. Long-standing concerns 
ES9JCiated with the fluorotelorrer industry center on FTS:; 
and FTS degradation products (herEEfter grouped as poly- and 
perfluoroalkylate sul:stanCES; PFAS5), notably including per­
fluorooctanoic acid (PFOA). Serre of the:e PFAS5 have bEen 
shown to be persistent in the environment,1

-
3 widely 

detoctable in the general human population,4 and toxic to 
humans5 and other animals.6·

7 
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Among the variety of commercial FTS5, side-chain­
fluorinated polymers (or fluorotelomer -based polymers; 
FTPs) comprise the largESt part; about 80'/o of all FTS:; 
manufoctured and used worldwide are FTPs.8 BECause FTPs 
permEEte modern society, they potentially constitute a central 
component for exposure of the general population to FTS:; and 
ES9JCiated PFAS5. Moreover, the bESt 6<isting evidence 
indicatES that at least sorre FTPs degrade under the 
environrrental conditions that can be 6<peeted upon landfill 
dispos3l, forming FTS5 and PFAS5.9•

10 With the elucidation of 
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thEre conspiring foctors, the EPA promulgatEd requirerrents for 
tESting propooad OON FTPs before market introduction to 
determine whether the product pre;entsan unreasonable risk, 11 

and the EPA and major fluorotel()f'l"Br manufocturers C{lrred 
that the prudent course wa:, to ca:se production of long-chain 
FTS5 by 2014.12 To a:romrnodate this C{lreerrent, industry is 
de.teloping FTPs using shorter-chainEd telorrers right now.13 

ConsEqoontly, there is a pf"Effiing nred to charocteriLB the 
spECiES and conrentrations of FTS5 and PFAS5 in 6<isting 
FTPs, and this neEd will persist in the future as OON short­
chainEd FTPs, having unknown rESiduals and St.EeeptibilitiES to 
environmental degradation, enter the market. However, 
bocat..re the requirerrents to tESt OON FTPs \t\lere promulgatEd 
rocently, there is no EStablishEd protocol for this tESting. 

Unfortunately, the very traits that make FTPs so useful also 
render them uniquely challenging and confounding to 
charocteriLB analytically. Specifically, FTPs and PFAS5 

( i) bear a F-saturata::l telomer dESignEd to repel all 
nonfluorinata::l materials; 

(ii) have terminal moietiES intendEd to bind tightly with 
other moleculES or surfoc€5; and 

(iii) share a propensity to remain coassociata::l with other 
fluorinatEd moleculES when in the prESence of a 
nonfluorinata::l matrix, a phenomenon often termEd 
"fluorophilicity''. 

Together, thEre traits challenga dissolution of the intendEd 
analytES during ooroction and render the oorocta::l compounds 
susceptible to IDffi during handling and analysis. Compounding 
thEre challengES, every FTP is unique in terms of structure, 
consEquently the effffi:;y of ooroction and analysis methods 
variES drastically among FTPs. 

DEgradation tESting adds still more compl6<ity to the basic 
objective of charocterizing rESidual content of a OON FTP in 
that ooroction and analysis idoolly will be equally efficocious in 
quantitating the complete rEServoir of all analytES whether (i) 
the FTP stands alone in the ooroction VESSel or is in the 
prESence of an environmental medium that supports a 
microbial consortium, e.g., soil or f!fNVag3 media; and (ii) 
whether the FTP is OON or C{la::l for stability tESting. 

Here \tVe report on variablES and challengES in developing 
rnethods to charocterize the rESidual/impurity content of 
6<isting and future FTPs, and to evaluate their degradability 
in environmental media, as well as tESting rnethods \tVe 

de.telopa::l to be robust in the cont6<t of thEre challengES. 
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FTP Structure. The structural basis of FTPs is a carbon 
backbone to which fluorotelorrers and nonfluorinata::l moietiES 
are appendEd (Figure 1 ). The fluorotelorrers are compooad of 
-CF2- group; in which the fluorine is covalently bound. Given 
that fluorine is the most electronEgative elerrent, covalent 
completion of its valence shell ett:ctively yields the electronic 
structure of a sul:strate-bound Ne noble gas, thereby conferring 
remarkably low rEECtivity. Most fluorotel()f'l"Brs are synthESiZEd 
by the telornerization proa:ffi wherein units of tetrafluoro­
ethylene taxogans are bound to the chain terminus (Supporting 
Information (SI) Figure 81 ). Consequently, FTPs are 
comprisEd solely with even-numbered fluorotel()f'l"Brs, ganerally 
ranging in perfluorinata::l carbons from C4 to C20, the spECific 
proportions of which are patentEd, proprietary information 
determinEd to be well suitEd to the FTPs intendEd purpo93. 
The terminal group;, through which the fluorotel()f'l"Br chains 
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Figure 1. Gereral structure of an FTP after Rl..El:EII et al.15 A carbon 
bcd<:bore 003rs ( 1 ) fluorinated telomers, which a::t as rej:ellents to 
SJiling and wetting cgents; and (2) nonfluorinated moieties that 
anchor the FTP to the intended sut:strates by van der \l\la31s and/ or 
hydrogen bonding. Depicted here with (CF2b = 4, the fluorinated 
telorrers generally range from (CF2b = 3-10, including the chain 
terminus. 

are bound to the carbon backbone, usually are a carboxylate, 
sulfonate, phosphate ESter, carbamate, or similar. 

l3e:a..Js:l FTPs are compooad of a rrelanga of monorrers, 
they do not pog;Effi a uniqoo stoichiornetry or structure. For 
this reason, other than oorly rESEErch using matrix...a:Bista::llcrer 
de:orption/ionization-time-of-flight (MALDI-TOF),14 FTPs 
are not charocteriZEd by direct analysis. lnstEEd characterization 
efforts concentrate on analysis of the FTS monorrers and 
PFAS5 that remain in the FTP as rESiduals from synthESis or 
impuritiES in thestoc~ (SI FigureS1 ).10 Experiments intendEd 
to determine whether and how fa5t an FTP might degrade, 
usually do so by comparing molar sums of the PFAS5 in C{la::l 
FTPs (SI Figure 81) versus that of the OON rem product; in the 
al:sence of dirECt analysis of FTPs, degradation is inferred from 
incra:EES of degradation products during FTP-q:Jing studiES. 

FTP Sols. When FTPs are delivered to manufocturers for 
incorporation into consumer products, commonly the FTPs are 
deliverEd as aqLEOus sols, with the ~100-300 nm (nominal 
diameter) 15 FTP particlES suspendEd in the bulk phcre. Being 
denser than water10 and hydrophobic, the FTPs will remain in 
suspension only with considerable modification of the liquid 
phcre with surfoctants to dECra:se the interfocial tension 
betvveen FTP surfoc€5 and the solvent. A larga froction of thEre 
surfoctants are fluorotelomer monorrers. Within the cont6<t of 
rEgulatory allowance, fluorotel()f'l"Br-monomer concentrations 
can ranga as high as 2 wt% of the dry FTP.16 

The physical state of thESe FTP sols pre;ents challengES for 
FTP charocterization and degradation tESting, e.g., (i) the sols 
are rnetastable and small changES in composition as part of 
sample preparation can rESUlt in precipitation of the FTP; and 
(ii) the high initial fluorotelomer-mon()f'l"Br conrentrations of 
FTP sols, along with attendant analytical uncertainty, 
potentially can mask FTP degradation in all but very short­
lived FTPs, i.e., at high initial mon()f'l"Br concentrations, 
analytical unrertainty might 6<ceed mon()f'l"Br/PFAS ingrowth 
from degradation during tESting. 

Residuals and Impurities. For FTPs and FTP sols, 
residuals are the mon()f'l"Brs U93CI to synthESize the FTP that 
remain unpolymeriZEd in the final commercial product. For an 
acrylate-linkEd FTP (Figure 1 ), rESiduals often include 
fluorotel()f'l"Br acrylate (FTAc) and alcohol (FTOH) mono­
rners (SI Figure 81 ). In contrast, impuritiEs in FTPs and FTP 
sols are PFAS5 prESent in FTPs and sols that were not 
intendEd, neither in the FTP nor the fEed stoc~. e.g., 
fluorotel()f'l"Br acids and perfluorocarboxylatES (PFC~; Sl 
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Figure 2. Residual 8-2FTOH for ~lected trEEtrnents of FTP4 comp3red to expected FTP dEgra:lation-product concentration for a one-year 
experiment as a function of modeled FTP4 ralf-life. Solid lines are modeled dEgra:lation-product concentrations as a function of ralf-life: products 
generated (blue), products recovered by extra::tion (pink), and typical 2 standard deviation uncertainty anong reps (yellow). Dashed lines are 
residuai8-2FTOH concentrations for commercial sol (equating to ralf-life of 1.4 y), purified raNSsol (2.0 y), 21 oc dried (4.3 y), 50 oc dried (25 
y), and 127 oc (:<:: 200 y). S:!e Sl DWffiion S2 for complete explanation. 

-------··--·-··--··-··--··--··--·--------··----··-·--·-··-· ---

Figure 81 ). In our experienre,10 in reN FTPs, rESiduals 
commonly are prES311t on the order of >100x that of 
impuritiES, with rESiduals ooing prESent in the p3rts-per­
thoUS3nd to perrent range and impuritiES commonly in the 
low p3rts-per-million range (81 Table 81 ).10 When FTPs are 
q:J8d under rEEl or simulated environmental conditions, e.g., 
FTP-soil microcosrrs in laboratory settings to simulate landfill 
setting;, the rESiduals prESent in the initial FTP biodegrade so 
that impuritiES can accumulate to high conrentrations under 
environlll3ntal conditions.10

•
17

•
18 

In p:Et efbrts, rtSiduals have teen extracted from FTPs by 
tetrahydrofuran (THF)19 and 1113thyllert-butyl ether (MTBE) 
in the prES311re of Hp.10 Often ba3ring an electrostatic charge, 
impuritiEs have bEen extracted from FTPs with "Fluorocarbon 
113"19 or aretonitrile (ACN)-H20 solutions.10 

1111111111111111 

Here we report method-developlll3nt efbrts and rESults 
together so that the contextual logic for procreding from one 
efbrt to another is cloor to the rEEder. All rES:Erch reported 
herein used comlll3rcial FTP sols prep3red by DuPont 
Corporation and delivered to EPA as p3rt of a Supplemental 
Environmental Project20 Analytical 1113thods employed in this 
study are similar to those we reported in detail oorlier (81 );3

·
17 

gas chrorrntograph/rna:;s spectrolll3ter (GC/M8) p3ralll3ters 
are sumrrnrized in 81 Table 82, and liquid chrorrntograph/ 
tandem rna:;sspectr01Tl3ter (LC/M8/M8) p3ralll3tersare in 81 
Table 83. Quantitations were perforlll3d with rre;s-laooled 
internal standards added to all standards and S311lpiES unlESS 
stated otherwise (81 ). 

Typical Analytical Difficulties with FTPs and FTP Sols. 
Fluorotelomer and perfluorinated compounds are notoriously 
challengin~ analytES, both in terms of ooractability and 
handling,2 

·
22 as well as due to their pre;enre at trare levels 

in components of analytical instruments SOITl3timES llOCESSitat­
ing instrulll3nt modifications to achieve lower detection 
limits.23 But even within this context, fluorotel01113r poiY1113rs 
stand out in terms of prESenting unique challengES to 
dependable quantification. We sumrrnrize solll3 of thEse 
challengES in the 81 (Disclffiion 81 ). 

Residuals vs Form and Handling of FTP. StudiES on the 
stability/degradability of FTPs generally are carried out by 
monitoring increasES in the sum of fluorotelomer and perfluoro 
analytES in FTP-soil microcosrrs over months of incul:ation. 
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Given that EECh analysis has an attendant analytical unrertainty, 
that replicate microcosms vary among EECh other, and that FTP 
half-liVES are long relative to the practical length of IT'Iffit 
experilll3nts, the high levels of rESiduals in FTP sols (81 Table 
81) potentially can obfls:;ate evidenre of degradation. This 
quandary is illustrated in Figure 2 which comp3rES rESidual 
FTOH conrentrations of selected FTP prep3rations to 
dEgradation-product conrentrations expected for a range of 
FTP half-liVES following a one-year FTP incul:ation; for IT'Iffit 
FTP prep3rations, in all but the shortESt half-liVES, the noise 
from rESidual FTOH equals or exa:eds the signal of the 
dEgradation products. For this ra:son, in FTP-dEgradation 
studiES, minimization of initial rESiduals is highly dESirable. 
Here we examine the efficacy of various efbrts to minimize 
rESiduals in FTPs. 

Residuals vs FTP SynthESis Details. An inventive oorly efbrt 
at minimizing rESiduals in FTP sols entailed Sp3rging with inert 
gas.24 Following this IEEd, in an efbrt to minimize rESiduals, 
DuPont synthESized tESt versions of their comlll3rcial FTP sols 
by four 1113thods:20 (i) conventional commercial prep3ration; 
(ii) bench prep3ration using comlll3rcial r6:{18flts; (iii) bench 
prep3ration with purified ~nts; and (iv) Sp3rging of a 
commercial soL In Figure 3, we depict dominant rESiduals for 
two of thEse DuPont/EPA FTP sols, identified herein as FTP3 
and FTP4, prep3red by EECh of the four 1113thods. For thEse 
commercial FTP sols, oonch synthESis with purified ~nts 
generally fell at or noor the lowESt rESiduals; however, even this 
IT'Iffit eft:ctive prep3ration yielded a sol having roughly 70-80'/o 
of the rESidual FTOHs prESent in the comlll3rcial FTP4 
formulation for E003111ple (Figure 3). Sp3rging tended to 
generate the n€00: lowESt levels of rESiduals; unsurprisingly, 
however, fluorotelolll3r iodidES exhibited little to no rra:s­
urable eft:ct from Sp3rging (Figure 3). ThEse rESUlts suggESt 
that the rESidual content of at least solll3 comlll3rcial FTP sols 
cannot oo drarrntically att:cted by prep3ration or handling of 
the sol itself. And in terms of a starting point for FTP 
dEgradation tESting, thEse alternative prep3ration techniqUES 
oter little advantage (Figure 2, 81 Disclffiion 82). 

Residuals vs Time and PrESSure during Air Drying. Given 
the modESt reduction in rESiduals achieved with rrnnipulation 
of commercial FTP sols, and the ancillary fa:;t that consulll3rs 
usually are exposed only to applied I dried FTPs, we inVEStigated 
the ett:ct of drying FTP sols on the rESiduals. We first tried air 
drying FTP4 for 4 days. Otrerving roughly constant rna:;s from 
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Figure 3. Fluorotelomer alcohol (FTOH) and iodide (FTI) 
monomers for FTP3 (a) and FTP4 (b) S)ls, prer;ared by four 
rrethods, a; determined by dis:olution in MTBE and GC/ MSaralysis: 
corrmercial product (blue), bench-synthEsized with cornrrercial raN 

rraterials (red), bench-synthesized with purified raw rraterials 
(yellow), gas-5p3rged cornrrercial product (block). 

10 h on, su~ing drying largely WC£ complete, we then 
rra::sured rESiduals in the air-dried FTP four tim:s over the 
course of a month (81 Figure S8). ThEse efforts documented an 
evaporative loss of FTOH rESiduals of ~40-50'/o relative to the 
original FTP rol (81 Dis::ussion 82). Hovvever (1) it WC£ 

unclear whether the FTOHs had attained steady-state 
concentration long after rra:;s had stabilized (81 Figure 88); 
and (2) this rESidual reduction oters little benefit in terms of 
detecting FTP dEgradation (Figures 2 and 81 ST). 

In a parallel effort, we investigated FTP4 residual 
concentrations with drying under va:::uum in a dESia;ator at 
room temperature. Resulting FTOH conrentrations exreeded 
there achieved in the open lab setting, prol:ablyat la:st partially 
owing to lESS air circulation and FTOH a::cumulation in the 
dESiccator hEa:l spa:;e. 

Residuals vs Temperature during Drying. Application of 
FTPs to consumer products often entails a heating step. For 
exanple, a patent dEScribing the structure and performance of 
an a:;rylate-linked FTP, that is identical to our tESt FTP4 to our 
degrre of knowledge, WC£ applied to paper sul:strate at 127 
°C.25 Following this practice, we inVEStigated FTOH rESiduals 
a; a function of drying temperature (81 Figure S9). So that 
rESidual monomers did not a:;cumulate in the oven hEa:lspa:;e 
during drying, thereby impeding further volatilization, we 
circulated lab air through the oven during drying (81 Figure 
810). HEEting yielded dramatic decra:sES in FTOH rESiduals, 
the relationship approximating a vant'Hoff-type function (81 
Figure S9b). The FTP dried at 127 oc retained FTOHs at 
levels roughly soox lower than in the original FTP rol, on a 
per-rra:;s dry FTP bcsis, a decra:se that should grffitly enhanre 
the potential to detect FTP dEgradation-product ingrowth 
(Figure 2; 81 Dis::ussion 82). 
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Residuals vs Time during 127 oc Drying. The patent 
de:cribing drying at 127 oc reported the drying time a; 2 min, 
a period compatible with commercial-a::ale prOCESSing. For the 
purpcre of tESting FTPs, however, one nEeds to minimize 
variation among replicatES in rESidual monomer content, a; well 
a; ensure that the hEEt trEStment dOES not dEgrade the FTP. 
Our strategy for a;suring reproducibility among microcosm; 
entailed determining the shortESt hffiting time required to 
obtain qucsi-steady-state concentrations of the dominant 
rESiduals. Figure 4 depicts several rESidual concentrations 
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Figure 4. Geometric m:sn monomer concentration (n = 3) for 
s:mples hest cured at 127 oc, taken at 5- and 10-min intervals for 1 h. 
Data are for 3 ~ial MTBE extra::tions that were composited and 
aralyzed. Similar drying tests, but for longer periods, are depicted in Sl 
Figure S11 to document continued stability in monomer concen­
trations with protra::ted hesting. 
------ --- ---- --- --------···-

through time while drying the tESt FTP at 127 °C. To evaluate 
whether protracted heating at 127 oc induced FTP 
degradation, we alro checked residual concentrations over a 
several-day hffiting period (81 Figure 811 ), ra:soning that FTP 
degradation would be reflEcted in incrEaSES of monomer and I or 
residual-type speciES. &:leing no considerable monomer or 
rESidual incra:sES with protracted hffiting (81 Figure 811 ), we 
inferred heating the tESt FTP at 127 oc did not rra::surably 
damage the FTP. Based on the data in Figure 4, we settled on 
20 min a; a suitable 127 oc drying period for our tESt FTP. 

Exhausting Fluorotelomer Residuals through Serial 
Extractions. Two rolvents have been shown to disperse FTPs 
into the bulk liquid phaseetectively: THF19 and MTBE10 The 
low surfa:E tension betvveen thEse rolvents and FTPs alro 
renders thEse rolvents etective in dig;olving fluorotelomer 
monomers in the pre;ence of OON FTPs.10

•
19 

For the objective of tESting the stability of FTPs under 
environmental conditions (e.g., disposal in a landfill), the 
chcren fluorotelomer-extraction rolvent also must remain 
etective in environmental matria:s, which generally include 
natural organic matter (NOM), microbES, and microbial 
enzyrre;. To cm:ss the efficocy of serial MTBE extractions 
for exhausting fluorotelomer monomers from FTPs and FTP­
roil microcosm;, we prepared the FTP by air drying it on a 
cotton tuft for 118 h. In triplicate centrifuge tubES, we extracted 
FTP-impregnated cotton by itself and in the pre;ence of --5 g 
of roil. The roil and FTP-impregnated cotton tufts were mixed 
by saturating the entire rra:;s and vortexing until conta:;t 
appa3red intimate. Intended to be the dESign for future 
degradation experiments, the:e experimental units were called 
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microcosms. For the extroction prOOOB, we employEd a1 
approa::;h similar to that of Ellington et al.26 in that bulk phaxs 
of MTBE and water both were prESellt, and the extroction tubEs 
were rotated on a rotisserie overnight. After a:dl overnight 
rotation, MTBE WC£ removed from the tube, another MTBE 
aliquot WC£a::lded, a1d theextroction WC£ repEEted for a total of 
eight extroction steps. RESUlts of this efbrt are depicted in 
Figure !:aa1d b; whether in the pre:ence ofSJil or not, for both 
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ootton is not shown for clarity, but is similar to FTP/cotton/s:>il steps 
3-8. 
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8-2FTOH a1d 10-2FTOH, recovery a:x;umulated through the 
first four extroction steps after which little to no ooditional 
FTOHs were recovered. 

Exhausting FFAS5 through Serial Extractions. ~t 
of effK;ocy for extrocting PFAS5 from FTPs during FTP­
degradation experiments must a:x;ount for an expected 
draTBtic increase in thEre compounds during the course of 
the experiment. In frESh FTP SJis, concentrations of PFAS5 
generally are relatively low, on the order of 0.1% to 1% of the 
unchargad fluorotelomer monomers which are intentionally 
prESellt in the SJis, acting a; surfoctants to stabi I ize the FTPs in 
suspension. During FTP degradation experiments, large 
froctions of the unchargad fluorotelomer monomers, and at 
IEffit SJme FTPs therrreiVES, can degrade to bolster PFAS5 
sul:stantially.10 Given the:e dramatic chalge;, methods that are 
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ett:ctive in exhausting frESh FTPs of low PFAS le.tels are not 
nro:ssarily ett:ctive at exhausting higher concentrations that 
can be expected following FTP q:Jing. To a:;count for this eft:ct 
during method development, we spiked our FTP SJI with 
roughly 2 tim:s the le.tels we ol:rerved at the end of our first 
degradation experiment10 on a mole-per-g-FTP bcsis with 
PFOA (C8 = 125 !Jg/g FTP), PFDA (C10 = 145 !Jg/g FTP), 
a1d PFDoDA (C12 = 1791Jg/g FTP). Then we hEat-cured a1 
aliquot of the FTP on cotton tufts, following methodology we 
EStablished a; dEs::ribed above. 

Whera:s unchargad fluorotelomer monomers have bEen 
shown to dis.<:olve in MTBE ett:ctively,10

•
26 PFAS5 tend to 

dissociate to aJionic speciES, and thEre compounds generally 
are more eft:ctively extrocted from environmental m:dia with 
ACN-H20 SJiutions.10 Extroction of impuritiES and degra::la­
tion products from FTPs, hawe.ter, is complicated l::a;atre the 
surfoce tension of FTPs with ACN-H20 SJiutions generally 
exa:eds that sufficient to allow wetting of the FTP, thereby 
minimizing the FTP-SJiution interfoce, potentially rendering 
FTP-rorbed fluorinated compounds shielded from diffiOiution. 
Given thEre concerns, we inVEStigated first targeting extroction 
of unchargad fluorotelomer monomers with MTBE a:;cording 
to our summary above, of which known froctions of the MTBE 
were dedicated to analysis of fluorotelomer monomers on GC I 
MS and PFAS5 on LC/ MS/ MS. We then continued extroction 
of the FTP with ACN-Hp after MTBE hOO dispersEd the 
FTP a1d other fluorinated compounds, specifically targeting 
perfluorinated anions for analysis on LC/MS/MS. Following 
the general procedure we tred in the pa;t with numerous 
sample matriCES, we inVEStigated extrocting the spiked PFAS5 
from the FTP and FTP-SJil microcosms using serial extroction 
steps with 60/40 ACN/H~O, followed by MTBE liquid-liquid 
cloonup of the extrocts. ·23 For thEre efbrts, we found 
a:x;eptable recoveriES when extrocting from the FTP alone for 
all spiked PFCAs (C8, C10, C12), a; we did with the FTP-SJil 
microcosm, for C8. Howe.ter, recoveriES from the FTP-SJil 
microcosms remained poor for C10 (~ 60'/o) and C12 (~ 
50'/o) following six extroction steps. Following six serial 60/40 
ACN/H20 extroction steps, we tried extrocting thEre FTP-SJil 
microcosms with SJivents having at IEffit moderate mis:;ibili~ 
with water (SJ a; to avoid dehydrating SJil organic matter) 
a1d having low and high dipole moments, butanol and 
propylene carbonate, rESpeCtively, yet C10 and C12 recoveriES 
still remained low. 

Given the observation that C10 and C12 were well recovered 
without SJil prESellt but poorly recovered with SJil prESellt, we 
recsoned that perhaps natural orQaliC matter (NOM) in the 
SJil s:;avengad froctions of the C10 and C12. Following this 
logic, we inVEStigated preoxidizing NOM in the FTP-SJil 
microcosms with potcssium permanganate (KMn04 ) a1d 
H:z804 to dis.<:olve the NOM, thereby rela:sing NOM-bound 
C10 and C12; this efbrt yielded sul:stantially higher le.tels of 
C10 and C12 (data not shown). To inVEStigate whether the 
higher recoveriES of this aggrEffiive preoxidation step might 
degrade the FTP, we perform:d the extroction, with and 
without KMn04 /H:zSQ4 preoxidation, on the 8-2 fluorotelomer 
acrylate (8-2FTAc) monomer in SJil microcosms. Degradation 
of FT Ac proa:eds by ESter hydrolysis to form the fluorotelomer 
alcohol (FTOH). Comparing FTOH levels, preoxidized 
microcosms hOO up to 12 tim:s higher concentrations thal 
concentrations of nonoxidized controls, suggesting that 
oxidation potentially could dEStroy the FTP bonds, 9J this 
pre-extroction trEEtment WC£ rejected. 
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Figure 6. Rerovery of C8 (a), C10 (b), and C12 (c). Extracting for FTOHswith MTBE/H20 followed by 90/10 ACN!Hp, with two ion-p:~iring 
cla3nups ( cl6311up 1 is blue, 2 is red) of ea::h extraction step successfully recovered most of the spiked analytes with four ACN extraction steps. C10 
and C12 are reported here from external calibrations. Error bars are cumulative 1 SD (n = 3 micrm) for the s:rond ion-pairing cla3nup. 

-------··-----·-·-··----- -·-·--··· 

InVEStigating the chromatographic retention foctor for 
perfluorocarboxylatES on a fluorotelorrer stationary phcre 
over a range of ACN/HP ratios, Marchetti et al.27 found a 
retention minimum at 90/10 ACN/H20. Following this lEa:!, 
we inVEStigated serial extractions of the FTP and FTP-soil 
microcosms with 90/10 ACN!Hp, finding considerably 
improved effica:;y for exhausting C10 and C12 from the 
FTP-soil microcosms (Figure 6). REaSOning that we might be 
losing part of the recovered analytES to MTBE S3turation 
during our extract cleanup step, in concert with this efbrt, we 
inVEStigated performing multiple cleanups of our extracts and 
found we achie.ted roughly 100'/o recovery of all our spiked 
PFCAs by performing four serial 00/10 ACN/HP extractions, 
with two serial MTBE cloonups of a:dl extract (Figure 6). 
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Sonication vs Rotisserie for Extracting FlS5 and Ff=.AS5. 
Extraction efbrts dEs::ribed to this point for FTS5 and PF.AS5 
entailed 16-h overnight rotisserie mixing. Having EStablished 
extraction solvents and number of serial steps, we compared the 
16-h rotisserie mixing with 1-h sonication performed in crushed 
ice in 15-m intervals, separated by 15 s of vortexing. For FTOH 
extraction, rotisserie and sonication were comparable for 8-
2FTOH, but sonication yielded sutstantially higher le.tels of 
10-2 and 12-2FTOH, both for the FTP by itself and for FTP­
soil microcosms (Figure 7). In contrast, extraction of PF.AS5 
wcs lESS eft:lctive with sonication than rotisserie, with 4-round 
sonication recovery at roughly 50% and lESS for C8, C10, and 
C12 (data not shown), compared to roughly 100% recovery 
with rotisserie (Figure 6). 
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On the l:mis of all the rrethods de.teloprrent we reportEd 
herein, the overarching extroction pr003dure that we found 
eft::ctive for charocterizing rESiduals, impuritiES, and degrada­
tion products in heat-driEd FTFS is summarized as Figure 8. 
This rrethodology yields reproducible rESUlts for OON and agEd 
FTFS, whether alone in the extroction VESS:ll or in a soil matrix 
for degradation experirrents. The equations to express 
analytical conrentrations on a per-rnass-FTP l:mis (Step 4 in 
Figure 8) are given asSI EqSS4-S3. On the l:misofthe pre;ent 
work, as well as our pre.tious efbrt,10 this general approo:::h 
should be compatible with tESting of other FTFS. However, no 

2A) GCIMS Analysis 1) MTBE Extraction 

Soii-FTP-Cotton (3g-1 Oul-tuft) 

single pr003dure can be a:BJred a priori of yielding an 
exhaustive report of rESiduals, impuritiES, and degradation 
products. CoflSE(juently, tESting of m:;h step for a:£h FTP is 
advisible considering the heterogeneous and complex chemical 
nature of thEse materials. 

The S3CJuenre for the overarching rrethodology that we 
recomrrend in Figure 8 is dictatEd by the fc£t that FTP 
rESiduals, impuritiES, and degradation products fall into two 
ganeral camps with regard to molecular structure, extroction­
solvent compatibility, and analytical rrethodology. Unchargad 
fluorotelorrer monorrers, e.g., FT Acs and FTOHs, tend to 
dissolve well in MTBE and typically are analyzed by GC/MS, 
assuming no complications impartEd by the FTP matrix. By 
extrocting FTP samplES with serial aliquots of MTBE, four 
al iquots for the FTP4 we tEStEd here, we were able to exhaust 
the FTP of thEse compounds, as judgad by diminishEd 
recoveriES in subS3quent MTBE aliquots. Chargad PFA95, 
e.g., fluorotelomer acids and perfluorocarboxylatES, dissolve 
sparingly in MTBE, but the MTBE extroction dOES foster 
dispersion of PFA95 from the FTP phase, thereby enhancing 
PFAS recovery.1° Following extroction of the FTP with MTBE, 
we were able to exhaust the FTP of thEse chargad analytES with 
four sarial extroctions of 90/10 ACN/H20, as judgad by spike 
and recovery. fls a final cautiona;¥ note, thermodynamic 
modeling of data from Marchetti et al. 7 St.q:JESts that e.ten 90/ 
10 ACN/HP may be only marginally eft::ctive in extrocting, 
from FTFS, PFA95 that are C14 and longar if pre;ent (SI 
Dis::ussion S3). 
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* Supporting Information 

Additional dis:;ussion, figurES, and tablES as rrentiona::l in the 
text. This material is available free of charga via the Internet at 
http:/ I pul:s.a:s.org/. 
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